to restrict the chain length, UbiA can promiscuously recognize a variety of long-chain IPP substrates and generate the precursors of CoQ 6 to CoQ 10 in different species (7) (8) (9) . During the condensation reaction, these long isoprenyl chains may extend through the lateral portal and directly contact lipid molecules (Fig. 1D) . Thus, the lateral portal can facilitate the binding of long-chain IPP substrates, and the prenylated products can be directly released into membranes through this portal. This is a strategy that intramembrane enzymes can use to catalyze reactions in lipid bilayers.
Mutations in eukaryotic COQ2 and UBIAD1 have been linked to various diseases (4) (5) (6) (26) (27) (28) . Several of these mutations correspond to conserved residues ( fig. S2 ) located in the active site of ApUbiA ( Fig. 2A) . We have shown that mutating these residues in EcUbiA lowers enzymatic activity (Fig. 3B ) or substrate binding affinity (figs. S6 and S7) and therefore is likely to have similar effects in the human enzymes ( fig. S10 ).
The structures of ApUbiA reveal mechanisms of substrate recognition and catalysis that are likely generally applicable to all superfamily members catalyzing the synthesis of lipid-soluble aromatic compounds. Our studies build a framework to understand other important UbiA superfamily members and to design chemoenzymatic synthesis of new aromatic compounds (11, 14) . structure analysis; S. Chen for mass spectrometry analysis of protein samples; N. Ke and J. Beckwith for generating the quinone-deficient strains; R. Zhang for help with the figures; and D. Fremont, J. Chai, T. Lohman, and T. Ellenberger for critical reading of the manuscript. W.L. is supported by a R00 grant 5R00HL097083 from the National Heart, Lung, and Blood Institute and a scholar award from the American Society of Hematology. The structure factors and coordinates were deposited in the Protein Data Bank (PDB accession code 4OD4 for the apo structure and accession code 4OD5 for the substrate-bound structure). The authors declare no conflicts of interest. Flaviviruses, the human pathogens responsible for dengue fever, West Nile fever, tick-borne encephalitis, and yellow fever, are endemic in tropical and temperate parts of the world. The flavivirus nonstructural protein 1 (NS1) functions in genome replication as an intracellular dimer and in immune system evasion as a secreted hexamer. We report crystal structures for full-length, glycosylated NS1 from West Nile and dengue viruses. The NS1 hexamer in crystal structures is similar to a solution hexamer visualized by single-particle electron microscopy. Recombinant NS1 binds to lipid bilayers and remodels large liposomes into lipoprotein nanoparticles. The NS1 structures reveal distinct domains for membrane association of the dimer and interactions with the immune system and are a basis for elucidating the molecular mechanism of NS1 function.
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F laviviruses have a positive-sense RNA genome that encodes a single viral polyprotein. The polyprotein is inserted into the endoplasmic reticulum (ER) membrane through several signal sequences and processed by viral and host proteases into three structural and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (1). Six of the nonstructural proteins (NS2A to NS5) form a replication complex on the cytoplasmic side of the ER membrane, where the NS3 and NS5 enzymes function at a scaffold created by the other four transmembrane proteins. The remaining protein, the conserved glycosylated NS1, is associated with lipids, both early in infection, where intracellular dimeric NS1 localizes on the ER membrane at the site of viral RNA replication, and late in infection, where secreted hexameric NS1 lipoprotein particles interact with components of the complement-mediated immune system (2, 3). NS1 is essential for replication of the flavivirus genome (4) (5) (6) (7) (8) , possibly through interactions with transmembrane proteins NS4A and NS4B (5, 9) . Electron microscopy (EM) studies of secreted NS1 (sNS1) identified a symmetric barrel-shaped hexamer that carries a cargo of~70 lipid molecules (10, 11) . NS1 interacts with multiple components of both the innate and adaptive immune systems (12) (13) (14) , is involved in immune system evasion and pathogenesis (12) (13) (14) (15) , and is the major antigenic marker of viral infection (16) . Although the role of NS1 in multiple stages of the virus life cycle is well established, little is known of the molecular mechanisms of its various functions. The lack of sequence identity to any protein of known structure and the difficulty of producing pure, stable proteins have hindered progress in understanding the roles and mechanisms of NS1.
An understanding of NS1 structure will help to sort out these contradictory results and will facilitate more efficient vaccine development.
We used a baculovirus expression system to produce recombinant, full-length, glycosylated West Nile virus (WNV) and dengue virus type 2 (DEN2) NS1 in insect cells (see supplementary materials and methods). Despite the presence of a secretion signal in the expression construct, nearly all NS1 was retained by cells and partitioned with the membrane fraction. Soluble NS1 was released by mild detergent treatment of the membrane fraction and appeared as a dimer by gel filtration chromatography, in agreement with direct visualization of particles by negative-stain EM (fig. S1, A and B). Multiple chromatography steps without detergent shifted the oligomeric state to a hexamer, presumably due to removal of bound detergent (fig. S1, C and D). WNV NS1 crystallized in two forms and DEN2 NS1 in one form. We used high-multiplicity (~100-fold) data acquired from 18 crystals of form 1 (table S1 and S2C ). The structure is complete for all amino acids, with the exception of one internal loop (amino acids 108 to 128). Identical dimer structures occur in WNV and DEN2 NS1 (0.58 Å root mean square deviation of 576 Ca atoms).
The NS1 dimer is constructed around an extended central b-sheet domain (Fig. 1, A and B,  and fig. S3 ). Each monomer has three domains. ). The b hairpins extend across the dimer axis and intertwine to form a four-stranded b sheet that curves into a roll-like structure (Fig.   1A, blue, and fig. S2, D and E) . The second domain (amino acids 30 to 180) of each monomer protrudes from the central b domain like a wing (Fig. 1A, yellow (Fig. 1A, dotted ). The predominant structural feature of NS1 is the third domain, a continuous b sheet that extends along the length of the dimer with its 18 b strands arranged like the rungs of a ladder (Fig. 1A, red) . This core "b-ladder" domain is formed by the C-terminal half of NS1 (amino acids 181 to 352), in an arrangement where each monomer contributes nine rungs to the antiparallel b ladder. In a (Fig. 1B) . Most of the interstrand loops are short, with the notable exception of a long "spaghetti loop" between b13 and b14 (amino acids 219 to 272) that lacks secondary structure but is ordered by 57 hydrogen bonds (Fig. 1C, pink) . A conserved tip region ( fig. S3 ) at each end of the b-ladder domain (amino acids 278 to 352) contains four strands of the central b ladder, a small threestranded b sheet, and three disulfides.
The overall dimensions of the NS1 dimer are 90 Å along the length of the b ladder, 90 Å in width from wingtip to wingtip, and 40 Å in the third dimension (Fig. 1A) . The b ladder defines a plane through the NS1 dimer with the b-roll domain on one side (Fig. 1C) . On the other side of the plane are the spaghetti loop, the glycosylation sites, the wing-domain disordered loop, and the C terminus, which, before proteolytic cleavage, is fused to the >20-residue lumen-side N terminus of viral protein NS2A.
The b roll and connector subdomain of the wing create a protrusion with a markedly hydrophobic surface on one face of the dimer (Figs. 1C  and 2A ). Extra electron densities at this surface were evident in the earliest maps and were fit as parts of three detergent molecules after all regions of the polypeptide had been assigned ( fig. S2, D and E). The hydrophobic character of the b-rollconnector protrusion is conserved (figs. S3 and S4). ) implicated in interaction with the transmembrane protein NS4B (9) is located at the periphery of the hydrophobic surface in a loop of the b roll ( fig. S2E) . Thus, the hydrophobic protrusion is a strong candidate for dimeric NS1 interaction with the ER membrane and with the replication complex through transmembrane proteins NS4A and NS4B, where NS1 plays a poorly defined but essential role in viral replication.
We investigated the ability of recombinant WNV NS1 to interact with membranes by incubating purified protein with liposomes and imaging the mixture by negative-stain EM. Upon exposure to NS1, the large heterogeneous liposomes were not only coated with NS1, presumably in its dimeric form, but also converted into much smaller lipid-protein nanoparticles (Fig. 2B  and fig. S5 ). This unexpected ability to interact with and remodel membranes may have implications for the role of NS1 in organizing replication complexes or in conversion from a membraneassociated dimer in the ER lumen to a secreted proteolipid hexamer.
A "greasy-finger" loop on the connector subdomain forms a prominent part of the hydrophobic protrusion and is mobile, as it is disordered in the DEN2 NS1 structure. Mutations to this conserved region (Gly S6 ). Purified NS1 variants with these substitutions remodeled liposomes similarly to the wild type ( fig. S6D) , suggesting that the observed phenotype is due to loss of effective interactions with transmembrane proteins of the replication complex.
Intracellular NS1 is thought to be predominantly dimeric, whereas secreted NS1 is a soluble, hexameric proteolipid particle (3, 10, 11) . Lipidfree recombinant NS1 occurred in both dimeric and hexameric forms in solution ( fig. S1 ), but in all three crystal structures, NS1 exists in a hexameric arrangement of three dimers (Fig. 3A) . The three b rolls face the interior of the hexamer, whereas the outer surface contains the spaghetti loops, glycosylation sites, and disordered wing-domain loop. The DEN2 NS1 dimer and those in WNV NS1 crystal form 2 are arranged as loose, open hexamers with full D3 symmetry and dimensions 80 Å along the central threefold axis and~110 Å in diameter (Fig. 3A, left and center panels) , whereas the WNV NS1 form 1 hexamer is splayed open at one end and lacks full hexameric symmetry (Fig. 3A, right panel) . The inner-facing hydrophobic protrusions create a conserved hydrophobic interior hexamer surface of diameter~20 Å (Fig. 3B and figs. S3 and S4) . We compared the D3 hexamers in crystal structures with EM images of the NS1 hexamer in solution (Fig. 3C) . Twodimensional EM class averages of NS1 embedded in negative stain reveal particle projections that are markedly similar to reprojections of the hexamer assemblies observed in crystal structures of DEN2 NS1 and in WNV NS1 form 2. The symmetric hexamers in our crystal structures and the EM images, although without lipids, have overall dimensions similar to those of lipid-bound sNS1 secreted from virus-infected cells (10, 11) . Given the hydrophobic interior of the crystallized hexamer, we conclude that the secreted lipid-NS1 particle is organized similarly, with b rolls facing inward and the spaghetti loop, glycosylation sites, and disordered loop facing outward.
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Secreted NS1 is a diagnostic marker for flavivirus infection in serum (17) , where immune system proteins encounter the sNS1 hexamer as a proteolipid particle. We identified 108 NS1 linear epitopes elicited in response to immune stimulation by virus or full-length NS1 (18) and mapped these onto the hexamer structure (Fig. 4A) . The epitopes localize to a few hotspots, including the wing domain, the C-terminal tip of the b ladder, and the b roll. The most frequently identified epitopes are the most accessible parts of the NS1 hexamer: the wing-domain disordered loop and the C-terminal tip of the b ladder. The wing-domain epitopes are concentrated at a highly conserved Gly-Trp-Lys-Ala-Trp-Gly peptide (amino acids 114 to 119) ( fig. S3) , with invariant tryptophans and conserved lysine. The hydrophobic protrusion is another frequently identified epitope, implying that the inside of the hexameric proteolipid is accessible to the immune recognition system at some point, either before hexamer formation or by hexamer dissociation. Antibodies to NS1 have been implicated in immune pathogenesis in dengue virus (19) (20) (21) (22) (23) , and antibodies with cross-reactivity to human proteins have been mapped to the conserved wing peptide (23) and to the conserved tip of the b ladder (19) . Production of interferons and cytokines by the innate immune system is an important host defense against flaviviruses, particularly through the pattern-recognition receptors retinoic acidinducible gene I (RIG-I), melanoma differentiation antigen 5 (MDA5), and Toll-like receptor 3 (2, 24) . The a/b subdomain of the NS1 wing resembles a helicase domain of RIG-I (25) and MDA5 (26) (Fig. 4B ). These cytoplasmic helicase domains recognize pathogenic RNAs and trigger the antiviral response. As viral mimicry of host proteins is a well-established method to thwart the immune system, it is tempting to propose such a role for the NS1 wing domain. However, the NS1 wing-domain surface analogous to the RIG-I and MDA5 RNA binding surface is negatively charged and in contact with the central b-ladder domain. Moreover, NS1 is not known to localize to the cytoplasm where RIG-I or MDA5 detect RNA. Thus, this intriguing similarity to RIG-I and MDA5 adds yet another enigma to the NS1 story.
